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AISI 420 martensitic stainless steelLow-temperature plasma carburizing was studied aiming to determine the effect of the gas mixture and ﬂow
rate on the surface properties of AISI 420 martensitic stainless steel samples. Plasma carburizing was carried
out for gas mixtures of 20% Ar+80% H2 comprising CH4 contents between 0.25 and 1.00%, and gas ﬂow rates
ranging from 1.67×10−6 to 6.68×10−6Nm3 s−1. The modiﬁed layers were characterized by confocal laser
scanning microscopy, X-ray diffractometry and microhardness measurements. The plasma was also charac-
terized by optical emission spectrometry. Results indicate the presence of a hard and thin outer layer and a
carbon-enriched martensite diffusion layer. It is shown that gas mixture composition plays an important
role in the process kinetics. Spectroscopic characterization of the glow discharge shows that the variation
of the CH4 content in the gas mixture leads to a variation of the emission lines intensity but does not signif-
icantly alter the relative peak intensities. It suggests a variation on the plasma density and no signiﬁcant var-
iation on the active species. It also indicates that, for the studied conditions, the emission spectroscopy cannot
be applied as a tool for process control.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
The use of plasma assisted techniques in the ﬁeld of materials
thermochemical processing has increased steadily in recent years,
being employed in order to improve the surface properties of differ-
ent materials, optimizing its properties and expanding their applica-
tion ﬁeld [1]. Thus, some plasma activated thermochemical surface
modiﬁcation techniques have been extensively studied and tested.
Among these processes, plasma carburizing has shown good results
in practical applications [2], especially for austenitic stainless steels,
as evidenced in [3–8]. In plasma carburizing treatment, carbon dif-
fuses in solid solution into the steel surface, at low temperature, in-
creasing its hardness and wear resistance [9,10]. However, in the
case of stainless steels, when carburizing is carried out at high tem-
peratures, normally higher than 773 K, chromium carbide precipita-
tion occurs, resulting in a depletion of the chromium content
present in solid solution and, consequently, signiﬁcant reduction on
the corrosion resistance of the stainless steel can be observed [11,12].
Recent work has shown that plasma carburizing of austenitic
stainless steels performed at low temperatures (b723 K) leads to ex-
cellent combinations of mechanical properties and corrosion resis-
tance [7]. Although there are many papers reporting the application
of low-temperature plasma carburizing of austenitic stainless steels,x: +55 41 33 61 31 29.
rights reserved.little has been published up till now for low-temperature plasma car-
burizing of martensitic stainless steels. In this case, some works pre-
sent non-promising results [3,13,14], while good and promising
results are presented in [15]. In addition, concerning gas phase low-
temperature carburizing of martensitic stainless steel, published
works are also scarce, but interesting results from the treatment of
PH13-8 Mo precipitation-hardened martensitic stainless steel can be
met in [16,17]. Owing to the lack of information, and aiming to im-
prove the knowledge on this subject, the effects of treatment gas mix-
ture and ﬂow rate on the characteristics of the modiﬁed surface layers
produced on low-temperature plasma carburized AISI 420 martensit-
ic stainless steel samples are stressed and discussed here. It is worth
to point out that the carburizing and tempering of the samples were
simultaneously performed in a single-step treatment, what can be
considered as a technological advantage in the heat treatment of
steels.
2. Experimental procedure
Cylindrical samples of AISI 420 martensitic stainless steel (pre-
senting composition in weight % of 0.17% C, 0.70% Mn, 0.50% Si,
12.22% Cr, 0.16% Ni, 0.23% P, 0.03% S, 0.03% N, 0.01% Cu, 0.02% Co,
and balance in Fe) with 10 mm in height were cut from a commercial
rod of 9.5 mm in diameter, austenitized at 1323 K for 0.5 h, and then
quenched in oil, resulting in microhardness of 510±15 HV0.3. After
heat treatment, samples were ground using SiC sandpaper ranging
from 100 to 1500 grade and polished using 1 μm Al2O3 abrasive
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bath and introduced into the discharge chamber, in the as-quenched
condition.
The carburizing equipment consisted of a square waveform pulsed
power supply of 3.6 kW and a vacuum chamber of 350 mm in diam-
eter and 380 mm high stainless steel cylinder attached to steel plates
sealed with silicone o-rings at both ends. The system was evacuated
to a residual pressure of 1.33 Pa using a double stage mechanical
pump. The gas mixture ﬂux of H2, Ar and CH4 was adjusted by three
mass ﬂow controllers, two of 8.33×10−6Nm3 s−1 and one of
8.33×10−8Nm3 s−1, respectively.
Samples were placed in the cathode and were negatively biased at
700 V. The mean power transferred to the plasma was adjusted by
varying the switched-on time (tON) of the pulse. The pulse period
was 240 μs. The temperature was measured by means of a chromel–
alumel thermocouple inserted 8 mm in depth, into the sample sup-
port, and it was controlled by adjusting the applied tON. The pressure
in the vacuum chamber was measured by a capacitance manometer
of 1.33×104 Pa in full-scale operation and adjusted by a manual
valve.
Prior to carburizing, samples were sputter-cleaned using
abnormal glow discharge obtained at gas mixture of 80% H2+20%
Ar, for temperature and time of 573 K and 0.5 h, respectively. For
the gas mixture study, plasma carburizing was carried out using
mixture of 80% H2+20% Ar for different CH4 contents, in the case
of 0.25, 0.50, 0.75 and 1.00%, in volume, at a ﬂow rate of
1.67×10−6Nm3 s−1, and temperature of 723 K. In addition, for
the gas ﬂow rate study, carburizing was performed using gas mix-
ture ﬂows of 1.67, 3.34, 5.01 and 6.68×10−6 Nm3 s−1 (100, 200,
300 and 400 sccm — standard cubic centimeter per minute), in a
gas mixture of 80% H2+20% Ar containing 0.5% CH4, and tempera-
ture of 693 K. All treatments were realized at a pressure of 400 Pa
for 4 h. The samples were cooled from carburizing temperature in
H2+Ar gas mixture ﬂow.
In order to evaluate the active species as a function of the studied
gasmixtures CH4 contents, an experiment was specially speciﬁed for
optical emission spectroscopy measurements, using an USB2000
Ocean Optics Spectrometer. The spectrometer was equipped with a
2048-element linear silicon CCD array and a 600 lines/mm grating,
set to operate on the range of 200–850 nm, presenting a wavelength
resolution of 1.5 nm (full width at half maximum). In the related ex-
periment, the gas composition was changed, starting from 80% H2+
20% Ar, and adding 0.25% CH4 every 60 min, recording one spectrum
each 5 min. The tONwas adjusted as the CH4 content was changed, in
order to maintain the temperature at 723 K. It is to be noted that the
experiment was designed this way aiming to ensure the same solid
angle, so the emission spectra for each gas mixture of interest was
acquired without any changes in the experimental setup. As the po-
sition between sample and optical ﬁber was kept unaltered, intensi-
ty of the obtained emission lines could be confronted.
Microstructure of the treated layers was obtained by convention-
al metallographic procedure. After polishing, the cross-sectioned
samples were etched using Vilella's reagent (95 ml of ethyl alcohol,
5 ml of hydrochloric acid, and 1 g of picric acid). Samples were ana-
lyzed by confocal laser scanning microscopy, using an Olympus
LEXT OLS 3000 Microscope. The determination of the phases present
in the treated layers was carried out by X-ray diffractometry (XRD)
technique, using a Shimadzu XDR7000 X-ray diffractometer with a
Cu Kα X-ray tube in the Bragg–Brentano conﬁguration, for a scan
speed of 1 °/min. Microhardness proﬁles were obtained for each
studied condition, by using a Shimadzu Micro Hardness Tester
HMV­2 T, applying a load of 10 gf for a peak-load contact of 15 s.
Each point of the proﬁle corresponds to themean value of ﬁve inden-
tations. The same equipment was employed to perform surface hard-
ness measurements applying a load of 300 gf for a peak-load contact
of 15 s.3. Results and discussion
3.1. Gas mixture study
3.1.1. Microstructure and hardness of treated surfaces
Fig. 1 (a, b, c, d) shows micrograph of samples treated at gas mix-
tures of 0.25, 0.50, 0.75 and 1.00% CH4, respectively. Thin and contin-
uous carbon-enriched surface layer, termed ‘outer layer’ in the
present work, was obtained for all the studied conditions. Results in-
dicate that the outer layer thickness grows as the CH4 content of the
gas mixture is increased. It can be also observed that the diffusion
of carbon into the bulk material apparently does not cause strong
modiﬁcation of the microstructure under the outer layer, indicating
that carbon is solved in solid solution in the diffusion layer.
Fig. 2 shows measurements of the outer layer thickness as a func-
tion of the CH4 content in the gas mixture. As observed in Fig. 1, the
higher the CH4 content the higher is the outer layer thickness. The
obtained thickness was 1.2, 1.8, 1.9 and 2.6 μm for the conditions of
0.25, 0.50, 0.75 and 1.00% CH4, respectively, indicating that the CH4
content in the gas mixture is an important parameter in plasma car-
burizing process.
In addition, the outer layer presents an aspect predominantly
white, as shown in Fig. 1. So this layer is supposedly free of chromium
carbide precipitation. Nevertheless, precipitation of M3C type carbide
containing Cr cannot be excluded. This assumption is supported by
results presented in [18], which have demonstrated the occurrence
of a dark outer layer, for 773 K plasma carburized AISI 420 stainless
steel samples, associated with the presence of chromium carbides. Fi-
nally, the layers obtained here are similar to that observed for low-
temperature nitrided martensitic stainless steel surfaces [19–23],
which are characteristically precipitate-free.
X-ray diffraction patterns of untreated and treated samples surface
as a function of the gas mixture composition are presented in Fig. 3.
By comparing the XRD patterns obtained for the different studied con-
ditions it can be observed that the start martensite (α′-Fe) peak for
the treated samples was displaced up to 1° for smaller 2θ angle, indicat-
ing that the lattice parameter expansion of themartensite has occurred
due to carbon surface alloying in plasma carburized layers. Analogous to
the case of the nitrogen-expanded martensite (α′N), which has been
characteristically obtained at low-temperature plasma nitriding ofmar-
tensitic stainless steels, as veriﬁed in [19,21–23], in the present work,
the carbon-alloyed phase was termed carbon-expanded martensite
(α′C). As shown in Fig. 3, sample in the start condition presents three
different martensite peaks for 2θ angles of 44.9°, 64.9° and 82.2°,
which is in accordance with [22–24]. It is to be noted that all these
peaks were displaced for smaller 2θ angles, in this case to about 43.9°,
64.7°, and 81.6°, respectively, indicating the occurrence of carbon-
expanded martensite (α′C), for treated samples. This statement is also
supported by the fact that these peaks could not be matched with any
other possible phases including iron, iron carbides and chromium car-
bides. Otherwise, peaks at 39.8°, 45.9°, 71.3° and 86.1° are in agreement
with [25–27], corresponding to cementite (Fe3C), being that the occur-
rence of Cr substituting Fe cannot be excluded in this case. The non-
occurrence of chromium carbide peaks in treated surfaces could be an
indicative that the corrosion resistance of the studied material would
be maintained. Finally, slight soot formation was only observed on the
surface treated at 1.00% CH4. This result must be stressed, since soot for-
mation is normally undesirable in dc glow discharge process, due to its
insulating characteristic, which could lead to the disappearance of the
discharge. Soot formation was not observed for the other studied
conditions.
Fig. 4 shows microhardness measurements of the sample surfaces
as a function of the gas mixture. Measurements were made on the
sample top (surface exposed to the plasma) and on the sample bot-
tom (surface non-exposed to the plasma). Signiﬁcant increase of the
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Fig. 1. Cross-section micrographs of samples treated at gas mixture of: (a) 0.25%; (b) 0.50%; (c) 0.75%; and (d) 1.00% CH4 in 80% H2+20% Ar. Samples treated at 723 K, for 4 h, gas
mixture ﬂow rate of 1.67×10−6 Nm3 s−1 and pressure of 400 Pa.
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with those measured on the sample bottom (untreated). Changing
the CH4 content from 0.25% to 1.00% resulted in a slight increase of
the top surface hardness from 589 to 638 HV0.3. On the other hand,
an average value of 375 HV0.3 was veriﬁed at the bottom surface,
which is a result of the tempering effect produced due to heating of
the sample, as the treatment is carried out.
Fig. 5 shows microhardness proﬁles of treated samples as a func-
tion of the gas mixture. Results indicate the occurrence of typical dif-
fusion layers obtained below the outer layer. Next to surface, values of
565, 636, 627 and 769 HV0.01 at depths on the order of 3.5 μm were
measured for samples treated at 0.25, 0.50, 0.75 and 1.00% CH4,Fig. 2. Thickness of the outer layer as a function of methane content in the gas mixture.
Samples treated at 723 K, for 4 h, gas mixture ﬂow rate of 1.67×10−6 Nm3 s−1 and
pressure of 400 Pa.respectively. In addition, for depths on the order of 55 μm, hardness
proﬁles show tempered substrate bulk hardness of about 375 HV0.01
for all studied conditions. It is important to emphasize this result,
since it indicates the diffusion characteristic of the process. Note
that both the depth and hardness obtained for the proﬁles are very
similar, despite the different CH4 contents, being in accordance with
the same carburizing temperature and time utilized in the treat-
ments. Finally, the importance of the CH4 content present in the gas
mixture as treatment parameter was strongly evidenced by the
higher hardness and thicker outer layers obtained in treated surfaces,
as previously discussed.Fig. 3. XRD patterns of samples treated in gas mixture of 0.25%, 0.50%, 0.75% and 1.00%
CH4 in 80% H2+20% Ar. Samples treated at 723 K, for 4 h, gas mixture ﬂow rate of
1.67×10−6 Nm3 s−1 and pressure of 400 Pa.
Fig. 4. Surface microhardness of plasma carburized AISI 420 martensitic stainless steel
samples for different methane content in the gas mixture. Samples treated at 723 K, for
4 h, gas mixture ﬂow rate of 1.67×10−6Nm3 s−1 and pressure of 400 Pa.
Fig. 6. (a) Spectrum of the glow discharge during low-temperature plasma carburizing,
(b) Detail of spectral lines of the glow discharge for gas mixture of 0.25%, 0.50%, 0.75%
and 1.00% CH4 in 80% H2+20% Ar. Samples kept at 723 K, gas mixture ﬂow rate of
1.67×10−6Nm3 s−1 and pressure of 400 Pa.
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Fig. 6 (a) depicts the emission spectra of the glow discharge in 80%
H2+20% Ar and for the gas mixture containing 1.00% CH4. The spec-
tra present atomic emission lines of Ar and H, and molecular bands of
H2. The identiﬁcation was done according to [28,29] and spectra are
similar to that presented by [30,31] in Ar\H2 and H2 discharges, re-
spectively. The addition of 1.00% CH4 in the glow discharge does not
imply in the appearance of new peaks or molecular bands due to
CH4, at least at sufﬁcient intensity. So in the studied condition, the op-
tical emission spectroscopy cannot be applied to the process control,
as proposed by [32] for high temperature plasma carburizing.
Nevertheless, it is clear that the introduction of CH4 causes a global
reduction on the intensity of the peaks. In Fig. 6 (b) a detail of some
intense Ar and H atomic lines is presented. It can be noticed that
adding CH4 up to 0.50%, a reduction of the emission intensity is veri-
ﬁed. On the other hand, adding CH4 from 0.50 up to 1.00%, the inten-
sity reduction becomes insigniﬁcant.
As show in Fig. 7, it is necessary to increase tON to keep the treat-
ment temperature when additional CH4 is added to the gas mixture.
The RMS current remains approximately constant as expected, since
to keep the same temperature, the same mean power must be deliv-
ered to the glow discharge. Considering that the excitation occurs
mainly be electron impact, the emission intensity reduction could
be attributed to a reduction on the plasma electron density and/orFig. 5.Microhardness proﬁles of plasma carburized AISI 420 martensitic stainless steel
samples for different methane content in the gas mixture. Samples treated at 723 K, for
4 h, gas mixture ﬂow rate of 1.67×10−6Nm3 s−1 and pressure of 400 Pa.electron temperature. This assumption is in accordance with the pres-
ented electrical parameters. The reduction on the electron density
seems to be related to the energy absorption in different vibrational–
rotational levels of CH4 and for its dissociation. In a non-reported ﬁgure,
normalized intensity spectra were compared, and after normalization,
the spectra became almost identical, indicating that the relative peakFig. 7. Glow discharge parameter evolution for gas mixture composition varying from
0.25% to 1.00% CH4 in 80% H2+20% Ar. Samples kept at 723 K, gas mixture ﬂow rate
of 1.67×10−6Nm3 s−1 and pressure of 400 Pa. Gas mixture started with 0.25% CH4
going up to 1.00% CH4 on steps of 0.25%, keeping 1 h in each step.
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tron temperature is not signiﬁcantly affected.3.2. Gas ﬂow rate study
Fig. 8 (a, b, c, d) showsmicrograph of samples treated at gas ﬂow rate
of 1.67, 3.34, 5.00 and 6.68×10−6Nm3 s−1 (100, 200, 300 and
400 sccm), respectively. Similar results obtained from the gas mixture
study can be veriﬁed, id. est, the occurrence of thin and continuous sur-
face layer for all studied conditions, but in this case, signiﬁcant modiﬁca-
tion on outer layer thickness was not observed by changing the gas ﬂow
rate, as can be observed. Average thickness of 1.12, 1.08, 1.03 and 1.00 μm
was veriﬁed for ﬂows of 1.67, 3.34, 5.00 and 6.68×10−6Nm3 s−1, re-
spectively. This result is related to the growth kinetic of carburized layers
and can be explained considering that: (i) the limiting parameter for the
layer growth is not related to the carbon supply; and (ii) possible leaks
and plasma chamber degassing ﬂow rate are negligible for all studied
conditions.
In addition, it is to be noted that carbon, as well as hydrogen, is a
strong reductor, being that both the components can have important
role in reduction of chromium oxides present in stainless steel surfaces.
As shown in [33], the gas ﬂow also presents an important role in the re-
duction process of oxides. So, considering that the CH4 molecule disso-
ciation would occur in discharge, the similar results veriﬁed for the
outer layer thickness would indicate that all studied gas ﬂow rates
would lead to effective active species environments, maintaining
unaltered the cleanness conditions of the discharge. As the relative
amount of CH4 species in the discharge was not modiﬁed in this case,
this assumption would give support to explain why the gas ﬂow rate
presents no or very slight inﬂuence, at least to the conditions studied
in the present work. In other words, the smaller gas ﬂow rate utilized
here would be able to successfully perform the low-temperature plas-




Fig. 8. Cross-section micrographs of samples treated at gas mixture ﬂow rate of: (a) 1.67, (b
ture composition of 0.50% CH4 in 80% H2+20% Ar, and pressure of 400 Pa.X-ray diffraction patterns of the surfaces treated at different gas
ﬂow rates, at 693 K, are shown in Fig. 9. The XRD pattern of the sam-
ple treated at 723 K is also shown, for comparison purpose. Results in-
dicate that there is no inﬂuence of the gas ﬂow rate on the obtained
phases in the treated surfaces. In addition, for the speciﬁed carburiz-
ing temperature of 693 K a less pronounced expansion of the mar-
tensite lattice parameter was veriﬁed in comparison with the XRD
pattern of the sample treated at 723 K, indicating lower carbon con-
tent solved in solution, that is in accordance with microhardness
measurements, as shown hereafter.
The surface microhardness results indicate no signiﬁcant inﬂuence
of the gas ﬂow rate, since similar results were obtained for the different
studied conditions. In this case, hardness on the order of 550 and 400
HV0.3was veriﬁed for surfaces exposed to the plasma (at the sample
top) and for surfaces non-exposed to the plasma (at the sample bot-
tom), respectively. Finally, the same can be said in relation to themicro-
hardness proﬁles next to carburized surfaces, since proﬁles obtained as
a function of the gasﬂow rate are very similar. For all studied conditions,
the microhardness values decrease gradually from surface to the bulk.
Values of 620, 609, 602 and 615HV0.01 were obtained for the conditions
of 1.67, 3.34, 5.00 and 6.68×10−6Nm3 s−1, respectively, at a depth of
about 5.0 μm. Values on the order of 400 HV0.01, corresponding to the
bulk material hardness, were obtained for the depth of 35 μm.
4. Conclusion and ﬁnal remarks
A study of low-temperature plasma carburizing was performed
aiming to determine the effect of the gas mixture and ﬂow rate on
the surface properties of AISI 420 martensitic stainless steel samples.
The main conclusions of the work can be listed as follows:
• Low-temperature plasma carburizing can be successfully applied to





) 3.34, (c) 5.00 and (d) 6.68×10−6Nm3 s−1. Samples treated at 693 K, for 4 h, gas mix-
Fig. 9. XRD patterns of samples surface treated at gas mixture ﬂow rate of 1.67, 3.34,
5.00 and 6.68×10−6Nm3 s−1. Samples treated at 693 K, for 4 h, gas mixture composi-
tion of 0.50% CH4 in 80% H2+20% Ar, and pressure of 400 Pa.
5090 C.J. Scheuer et al. / Surface & Coatings Technology 206 (2012) 5085–5090• The increase of the surface hardness is due to the formation of ce-
mentite and carbon-expanded martensite in carburized layers.
• Utilization of 1.00% CH4 in 80% H2+20% Ar gas mixture results in
soot formation on surface during the process, which is undesirable
if the sample heating is achieved by ion and neutral bombardment
of the glow discharge.
• Contents of 0.50 and 0.75% of CH4 in the gas mixture are responsible
by promising results of surface hardening of AISI 420 martensitic
stainless steel via low-temperature plasma carburizing without
soot formation.
• Optical emission spectroscopy does not show a signiﬁcant variation
on the emission spectrum for the studied gas mixtures. So, it is not
an interesting tool to control the process under these processing
conditions.
• The gas ﬂow rate presents no inﬂuence in the surface characteristics
of the treated samples, at least to the conditions studied in the pre-
sent work.
Finally, considering that other plasma processing parameters can
have important inﬂuence on treated surface properties, experiments
are being conducted aiming to evaluate the effect of the gas pressure
and applied voltage, and to obtain a complete understanding of the
AISI 420 martensitic stainless steel low-temperature plasma carburiz-
ing process.
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